The contribution of binocular vision to the performance of reaching and grasping movements has been examined previously using single reach-to-grasp movements. However, most of our daily activities consist of more complex action sequences, which require precise temporal linking between the gaze behaviour and manual action phases. Many previous studies found a stereotypical hand-eye coordination pattern, such that the eyes move prior to the reach initiation. Moving the eyes to the target object provides information about its features and location, which can facilitate the predictive control of reaching and grasping. This temporal coordination pattern has been established for the performance of sequential movements performed during binocular viewing. Here we manipulated viewing condition and examined the temporal hand-eye coordination pattern during the performance of a sequential reaching, grasping, and placement task. Fifteen participants were tested on a sequencing task while eye and hand movements were recorded binocularly using a video-based eyetracker and a motion capture system. Our results showed that monocular viewing disrupted the temporal coordination between the eyes and the hand during the place-to-reach transition phase. Specifically, the gaze shift was delayed during monocular compared to binocular viewing. The shift in gaze behaviour may be due to increased uncertainty associated with the performance of the placement task because of increased vergence error during monocular viewing, which was evident in all participants. These findings provide insight into the role of binocular vision in predictive control of sequential reaching and grasping movements.
Introduction
In most everyday situations information about the environment is acquired from both eyes simultaneously. Integration of the input from both eyes provides unique advantages, which are not available during monocular viewing: binocular summation (Jones & Lee, 1981) , binocular disparity (Bingham, Bradley, Bailey, & Vinner, 2001; Fielder & Moseley, 1991; Hibbard & Bradshaw, 2003; Howard & Rogers, 2002; Melmoth, Storoni, Todd, Finlay, & Grant, 2007) , and disparity vergence (Bingham et al., 2001; Melmoth et al., 2007; Mon-Williams & Dijkerman, 1999; Tresilian, Mon-Williams, & Kelly, 1999) . Numerous kinematic studies have shown that binocular vision provides advantages during the performance of a single prehension movement (Bruggeman, Yonas, & Konczak, 2007; Greenwald & Knill, 2009; Heath, Neely, & Krigolson, 2008; Jackson, Jones, Newport, & Pritchard, 1991; Keefe, Hibbard, & Watt, 2011; Loftus, Servos, Goodale, Mendarozqueta, & Mon-Williams, 2004; Marotta & Goodale, 2001; Servos & Goodale, 1994; Servos, Goodale, & Jakobson, 1992; Watt & Bradshaw, 2000; Westwood, Robertson, & Heath, 2005) . For example, one of the advantages may be due to binocular disparity, which provides exteroceptive information about object properties, such as its size, orientation, and shape, which facilitates grasp planning and execution. On the other hand, ocular vergence provides an important depth cue for planning the reach transport component. Consequently, during monocular viewing it is more difficult to accurately localize objects in 3D space which leads to longer reach deceleration interval, larger grip aperture, and longer grasp application time (Melmoth & Grant, 2006) .
Recent studies have shown that when binocular vision is not available or is degraded, motor performance in terms of movement time and accuracy, is affected to a greater extent for high precision sequential task, such as bead threading in comparison to the performance of a peg-board task or a water-pouring task (Alramis, Roy, Christian, & Niechwiej-Szwedo, 2015; O'Connor et al., 2009; Piano & O'Connor, 2013) . For example, total movement time increased by 19% during monocular viewing for the bead threading task as compared to 12% for the peg-board task. These behavioural http://dx.doi.org/10.1016/j.visres.2016.08.006 0042-6989/Ó 2016 Elsevier Ltd. All rights reserved. studies clearly show that binocular vision provides important sensory input for the performance of high precision tasks involving movement sequences; however, the main limitation of the previous studies is that performance was measured using a stop watch to record the total movement time, so it is unknown which aspects of movement sequencing are most disrupted during monocular viewing. Therefore, the goal of this study was to investigate the contribution of binocular vision to the execution of movement sequences by measuring the temporal coordination between the eye and hand movements while subjects performed a high precision task involving reaching, grasping, and placement.
Removing binocular depth cues can affect grasping because stereopsis provides input regarding the relative depth of the object, which is required for planning accurate grasp aperture. Placing the bead on the needle also requires accurate localization of the needle in 3D space, which may be dependent on ocular vergence. During binocular viewing the muscular effort that is associated with converging at a particular distance can provide reliable information regarding object's absolute location with respect to the observer (Melmoth et al., 2007; Mon-Williams & Dijkerman, 1999; Tresilian et al., 1999) . However, during monocular viewing the ocular vergence signal might not provide reliable input regarding direction and distance because of phoria, that is, a horizontal eye deviation, which is often observed in the covered eye of visuallynormal observers. For example, Hrynchak, Herriot, and Irving (2010) measured phoria in 50 young, visually-normal observers using eye tracking while subjects fixated a target presented at eye level at a distance of 40 cm. Results showed that phoria ranged between 6 prism diopters (PD) (3.4 deg) of adduction (esophoria) and 19 PD (10.8 deg) of abduction (exophoria). The extent of phoria is affected by the viewing distance as shown by the experiments conducted by Ono and colleagues (Ono & Weber, 1981) : phoria is greater when viewing targets that are near (25 cm) compared to targets placed farther away (50 cm). Finally, the direction of phoria can reverse for distances >2 m, such that subjects become esophoric (Owens & Tyrrell, 1991) . Importantly, the direction (i.e., eso or exo) and the amplitude of phoria is associated with localization errors predicted based on the laws of visual direction. For example, in the case of exophoria, the apparent target location shifts towards the non-viewing (covered) eye, and the visual axes from the two eyes intersect farther in depth (Mapp, Ono, & Khokhotva, 2007) . In summary, there is substantial between-subject variability in the extent of phoria during monocular viewing; however, most visually normal subjects experience exophoria when fixating on objects within the reaching space.
It is important to characterize the role of binocular vision during sequential movements because they are quite different from single pointing or prehension movements. Sequences are composed of multiple action phases that have to be planned and monitored by the central nervous system (CNS) during movement execution (Land, 2009) . Thus, successful performance of action sequences requires temporal coordination between the action phases. An important finding from studies of sequential movements is that optimal control and smooth transition between the action phases is dependent on the ability to predict the sensory consequences associated with the termination of the current action phase (Safstrom, Flanagan, & Johansson, 2013) . When interacting with objects, predictive control involves the ability to use exteroceptive information about object properties in order to scale grasp aperture and grip forces (Flanagan, Bowman, & Johansson, 2006) . If there is a discrepancy between the predicted and actual feedback, the timing of object contact is disturbed (Safstrom & Edin, 2008) and the CNS has to engage in a correction process to ensure successful performance. Because monocular vision provides less reliable input about object location and its features, it is possible that the ability to use predictive control during the performance of action sequences might be reduced, and this may impact the temporal coordination between action phases. Specifically, the temporal coordination between the reaching, grasping and placement phases may be altered if the system is engaged in correcting an error during one of the phases, and this may lead to a delay in the initiation of a subsequent action phase.
Temporal coordination between action phases during the performance of pointing and manipulation tasks has been studied previously using eye tracking (Abrams, Meyer, & Kornblum, 1990; Bekkering & Sailer, 2002; Bowman, Johannson, & Flanagan, 2009; Johansson, Westling, Backstrom, & Flanagan, 2001; Ma-Wyatt, Stritzke, & Trommershauser, 2010; Mennie, Hayhoe, & Sullivan, 2007; Niechwiej-Szwedo, Goltz, Chandrakumar, Hirji, & Wong, 2011; Niechwiej-Szwedo, Goltz, Chandrakumar, & Wong, 2014; Rand & Stelmach, 2010; Sailer, Eggert, Ditterich, & Straube, 2000; Sailer, Flanagan, & Johansson, 2005; Snyder, Calton, Dickinson, & Lawrence, 2002; Song & McPeek, 2009; van Donkelaar, 1997; Wilmut, Wann, & Brown, 2006) . During a single reach-to-grasp movement, gaze arrives and remains fixated at the desired target prior to the hand's arrival. It has been suggested that this time frame, between the eye and hand arriving on target, allows visual information to be used to update the ongoing movement. For example, directing gaze to the location where the fingers are subsequently placed on the object may improve aim and grasp accuracy (Brouwer, Franz, & Gegenfurtner, 2009; Cavina-Pratesi & Hesse, 2013; Johansson et al., 2001; Rand & Stelmach, 2010) . A strategic control of gaze shifts was also demonstrated during the performance of a bimanual coordination task when both limbs executed aiming movements to targets with different amplitude and size (Riek, Tresilian, Mon-Williams, Coppard, & Carson, 2003) . Moreover, a recent investigation into gaze behaviour during learning of a sequential action pattern revealed that after extensive practice, gaze was shifted predictively to the next target prior to the initiation of a manual response (Safstrom, Johansson, & Flanagan, 2014) . These findings suggest that predictive gaze control is an important marker of an effective linking between action phases during sequential movements.
The current study examined temporal hand-eye coordination during the performance of a sequential reaching, grasping, and placement task during binocular and monocular viewing conditions with two levels of difficulty of the placement task. Our goal was to assess the contribution of binocular vision to predictive control by examining the temporal coordination between hand and eye movements during the performance of action sequences. Previous studies have shown that binocular vision provides more reliable input about target location and its features leading to faster and more efficient reaching and grasping movements (reviewed in (Melmoth & Grant, 2006) . In comparison, reach deceleration interval and grasp application are longer during monocular viewing indicating that the encoding of target location and its features is less reliable, consequently, these encoding errors must be corrected during movement execution. The novel aspect of this study is the prediction that the increased demand placed on feedback corrections during monocular viewing will alter the temporal hand-eye coordination. Our previous study has shown that prehension movements performed during monocular viewing are associated with a longer fixation on the target during the grasping phase (Gnanaseelan, Gonzalez, & Niechwiej-Szwedo, 2014) . Because this was shown in a single reach-to-grasp task, we could not determine whether the extended fixation duration affects the stereotypical eye-hand coordination pattern. On one hand, it is possible that the relative temporal coordination pattern is maintained during monocular viewing, that is, the hand movement is initiated after the eyes fixate the target. On the other hand, the prolonged fixation duration could disrupt the temporal coordination pattern. Therefore, a sequential reach-to-grasp and placement task was used in the current study to examine the effects of monocular viewing on hand-eye coordination pattern.
Methods

Participants
Fifteen students from the University of Waterloo (6 male, M age = 23.2, SD = 2.96) participated in the study. All the participants were right handed (score greater than 60 on Edinburgh Handedness Inventory; M score = 86.2, SD = 15.7), and 2 participants were left eye dominant, which was assessed by asking participants two different questions (eye preference when looking through a tube, and to point to a corner of the room and close one eye ata-time). All participants had normal visual acuity (0.00 logMAR) in each eye and stereoacuity of at least 40 s of arc, which was measured with the Randot stereoacuity test (M score = 26.7, SD = 9.6). Written consent was obtained from all participants. The study was approved by the University of Waterloo Ethics Committee Board, and all protocols adhered to the guidelines of the Declaration of Helsinki.
Apparatus
A board consisting of 6 hooks arranged in two rows (each hook separated by 6 cm, and the two rows separated by 6 cm) was set up directly in front of the participant (Fig. 1) . The central hook in the upper row was slightly below primary eye position. Placed on these hooks were beads that were 1.6 cm in diameter with a hole diameter of 0.48 cm (small) or 0.79 cm (large). The smaller holes were used to increase task difficulty. A vertical needle (16.2 cm long, 0.2 cm in diameter) was placed directly in front of the participant, 13 cm away from the bead-board. The location of the needle relative to the participant was determined using half of the arm length (Length Arm Mean = 68.1 cm, SD = 2.7 cm) of the participant.
An Optotrak 3D Investigator (Northern Digital, Waterloo, Canada) motion capture system was used to record upper limb kinematics by placing two Ireds (Infrared emitting diodes) at the proximal base of the proximal phalanges of the thumb and index finger. However, only one Ired was used to analyze the data as we did not chose to measure grip aperture due to equipment (only one camera) and biomechanical (did not want to interfere with grasping behaviour) considerations. A head-mounted binocular eyetracker was used to record eye movements (Eyelink II, SR Research, Mississauga, Canada). Sampling rate was set to 250 Hz for limb and eye movement recording. MotionMonitor software (Innovative Sports Technology, Chicago, USA) was used to synchronize the recording from the Eyelink II with that of the Optotrak and transform the data into a common 3D reference frame. An infrared long-pass filter was used to block vision in one of the eyes during monocular viewing; however, this filter allowed us to record the position of the eye behind the filter.
The coordinate system for the Optotrak was defined using a three-marker digitizing probe, with the origin located at the bottom left corner of the workspace. The three-dimensional system was defined with respect to the observer: the horizontal plane (azimuth) as the x-axis; the vertical plane (elevation) as the y-axis; median plane (depth) as the z-axis. The eyetracker was calibrated using a standard 9-point grid, with the validation acceptance set at <1°error to ensure reliability. The calibration targets were presented on a 19 00 CRT monitor (ViewsonicP95f, 1600 Â 1200 @ 87 Hz) at a viewing distance of 80 cm.
Procedure
At the beginning of each trial, participants were instructed to close their eyes as the researcher placed the beads on the board. The order of trials with the smaller or larger hole beads was randomized. Participants were asked to open their eyes, reach for and grasp one bead at-a-time, and place it on the needle as fast as possible without dropping the bead. They were instructed to start with the bottom right bead and move to the left, then to move to the top right bead and move to the left. The task was repeated under 3 viewing conditions: 1) both eyes; 2) right-eye viewing; 3) left-eye viewing, which were presented in a blocked fashion that was counterbalanced between participants. Each size of the hole was presented 4 times for each viewing condition for a total of 24 trials.
Data reduction
Hand kinematic data were filtered using a dual-pass Butterworth filter with a low cut-off frequency of 10 Hz using a custom Matlab R13 script (Matlab, Mathworks, Natick, USA). Instantaneous velocities were calculated using adjacent points. Velocity was used to determine the start and end of each movement towards the beads and the needle, with the start of the movement defined as velocity reaching at least 20 mm/s for 20 consecutive milliseconds in the direction of the bead. After velocity had reached peak velocity, the end of the movement was defined as when the velocity was less than 100 mm/s for 20 consecutive milliseconds. The start of the return phase was defined as when velocity reached at least 20 mm/s for 20 consecutive milliseconds in the direction of the needle, with the end of the movement again defined as velocity reaching less than 100 mm/s for 20 consecutive milliseconds after peak velocity. The use of these velocity criteria allowed us to define four distinct phases of the movement: 1) movement towards the bead (high velocity Reach 1 phase); 2) fine adjustment and grasping phase (low velocity Grasp phase); 3) movement towards the needle (high velocity Reach 2 phase); 4) placement phase (low velocity Placement phase). These definitions are consistent with the aiming literature (see (Elliott, Binsted, & Heath, 1999; Glazebrook, Gonzalez, Hansen, & Elliot, 2009; Grierson & Elliott, 2009 ) and our previous work on grasping (see (Gnanaseelan et al., 2014) .
All trials for the hand and eye data were visually inspected to ensure the correct time points were identified by the Matlab script.
Data analysis
The number of dropped beads was analyzed using the Fischer Exact Test (FET). Since multiple comparisons were done, a Bonferroni correction was applied. Participants dropped fewer beads during binocular viewing when transporting the smaller holed bead (2 dropped) compared to all other conditions (FET, df = 1, p = 0.021). There were no differences when comparing the larger holed bead during binocular (10 dropped) or monocular (10 dropped) viewing conditions, as well as when transporting the smaller holed bead during monocular viewing condition (8 dropped). Participants were instructed to continue with the task and not to attempt to catch the bead when they dropped it; however, despite these instructions, participants often tried to catch the bead, and the Optotrak Ireds were outside the camera's field of view. Therefore, only successful trials, where no beads were dropped, were included in the kinematic analysis.
Any trials where the outcome measures (initiation times, peak velocity, grasp times, movement times towards the bead, or movement times towards the needle) could not be reliably measured due to missing IREDs (defined as more than 20 consecutive milliseconds that interfered with any outcome measure) were not included in the analysis. In total, two trials (2/120 trials) for the right eye condition were not analyzed, as there was too much missing data.
Although the main outcome to test our hypothesis was the measure of gaze-reach coordination, a detailed analysis of eye and hand kinematics was conducted first to confirm that monocular viewing disrupts target localization and the control of reaching and grasping. Ocular vergence is one of the cues that can provide information about target location in 3D space, and this signal is disrupted during monocular viewing due to the phoria of the covered eye (Ono & Weber, 1981) . The effect of phoria on target localization was quantified by calculating the vergence specified distance (VSD) for fixation on the needle and the beads. VSD was calculated for each subject using their individual interpupillary distance (IPD) (i.e., VSD = IPD/tan [vergence angle], where vergence angle = left eye position À right eye position) (Howard & Rogers, 2002) . The main limb kinematic measures that were examined included: peak velocity, duration of the deceleration interval, duration of the grasping interval, and duration of the placement interval.
Temporal eye-hand coordination was examined using a similar method to that of (Gnanaseelan et al., 2014) . The fixation duration on the target following the hand's arrival to the target was calculated (i.e., time when the eyes shifted away from the target -time when hand arrived on the target). This interval represents the duration of time that the eyes were anchored on the target while the hand was grasping or placing the target. Next, the difference between the initiation of hand movement and gaze shift away from that location was calculated (i.e., Gaze-Reach coordination = hand start time -eye start time) for the Place-to-Reach transition phase and the Grasp-to-Reach transition phase.
Data were submitted to a repeated measures Analysis of Variance (ANOVA) with 2 within subject factors: Viewing Condition (binocular, left eye, right eye) and Hole Size (small, large). There were no differences between left and right eye viewing conditions; therefore, an average of the two monocular conditions was used for further analysis. All the data were visually inspected to ensure a normal distribution, which was confirmed by Shapiro-Wilk test (p > 0.05). Any violations to the assumptions of sphericity were corrected using a Greenhouse-Geisser correction. Any effects involving more than two means were tested using post hoc Tukey HSD test.
Results
Typical velocity trajectories for hand and gaze movements for a single cycle of reaching movements to the needle and to the bead during binocular and monocular viewing are shown in Fig. 2 . There was clear evidence of a binocular advantage for all action phases, including reaching, grasping, and placement.
Statistical analysis of limb kinematics confirmed that subjects performed the movement sequences more cautiously by reducing the speed of the reach transport phase and extending the grasping and placement duration during monocular viewing. The mean peak velocity during monocular viewing was reduced significantly when reaching towards the needle (binocular: 433 ± 23 mm/s; vs monocular: 382 ± 23 mm/s; F 1,14 = 12.78, p = 0.003, ɳ 2 = 0.48), and when reaching towards the bead (binocular: 471 ± 22 mm/s; vs monocular: 412 ± 22 mm/s; F 1,14 = 4.85, p = 0.045, ɳ 2 = 0.26). As illustrated in Figs. 2 and 3 , the greatest effect of viewing condition was found for the Placement phase and the Grasp phase. The interval spent placing the bead on the needle during monocular viewing was 878 ± 65 ms in comparison to binocular viewing 516 ± 33 ms (F 1,14 = 40.24, p < 0.001, ɳ 2 = 0.74). The Grasp phase was also significantly longer during monocular (546 ± 69 ms) compared to binocular (462 ± 60 ms) viewing (F 1,14 = 12.08, p = 0.004, ɳ 2 = 0.46). Fig. 3 shows the average distance travelled in the median plane when moving towards the needle and back to the beads plotted at the main kinematic markers. The distance travelled at peak velocity, (F (1, 14) = 18.56, p = 0.001, ɳ 2 = 0.57), at peak deceleration, (F (1, 14) = 16.38, p = 0.001, ɳ 2 = 0.54), and at the end of reach (i.e., velocity <100 mm/s), (F (1, 14) = 14.14, p = 0.002, ɳ 2 = 0.5) was significantly shorter during monocular viewing when moving towards the needle. Similar results were found for reaches towards the bead. That is, the mean distance travelled was shorter at peak deceleration (F (1, 14) = 9.16, p = 0.009, ɳ 2 = 0.4) and at the end of reach (F (1, 14) = 6.57, p = 0.023, ɳ 2 = 0.32). Overall, this analysis indicates that the spatial and temporal characteristics of the reach trajectory were modified during monocular viewing, such that subjects spent more time in the low velocity approach phase over a greater distance. However, there was no significant interaction between viewing condition and bead-hole size for any of the kinematic variables. One important input that is disrupted during monocular viewing is ocular vergence. During binocular viewing, both eyes are aligned on the target and the intersection of the two axes provides egocentric information about target location in 3D space. During monocular viewing, targets may be mislocalized due to phoria, which is an eye deviation of the covered eye (Hrynchak et al., 2010; Ono & Gonda, 1978; Ono & Weber, 1981) . For example, temporal eye deviation of the right eye (exophoria) will result in reduced vergence angle (i.e., increased divergence) and target mislocalization along the azimuth and depth such that target location will be registered to the left and farther in depth than the actual target location. Our results showed that vergence angle was significantly reduced during monocular viewing (F 1,14 = 11.11, p = 0.003, ɳ 2 = 0.44). Furthermore, vergence was affected to a greater extent when subjects fixated on the needle in comparison to the bead (F 2,28 = 5.25, p = 0.012, ɳ 2 = 0.27). The mean vergence angle when fixating the needle was 9.42°± 2.03°during binocular viewing, and it was reduced to 7.72°± 1.42°and 7.42°± 1.35°when viewing with the left and right eye, respectively. Fig. 4a shows the vergence specified distance for each subject during monocular viewing conditions calculated using their individual interpupillary distance. The line plotted in the figure shows the vergence specified distance obtained during binocular viewing. Since the data from the monocular conditions fall above the line, vergence specified distance was greater during monocular viewing, which contributed to needle localization error that was approximately 10 cm in the depth axis away from the body. The beads were located farther in depth than the needle; thus, the vergence angle was smaller when subjects fixated on the beads. During binocular viewing, mean vergence was 7.06°± 1.24°so the average vergence specified distance was 50 cm. The mean vergence angle was again reduced during left eye viewing to 6.46°± 1.37°and right eye viewing 6.11°± 1.30°. Fig. 4b shows the vergence specified distance for each subject during monocular viewing conditions calculated using the individual IPD. The line plotted shows the vergence specified distance obtained during binocular viewing. Although most data obtained during monocular viewing fell above the line indicating that the vergence angle contributed to bead localization error that was approximately 5-8 cm in the depth axis, this error was relatively smaller in comparison to the needle localization error.
Overall, the analysis of limb kinematics confirmed that performance of action sequences is disrupted during monocular viewing. Although all action phases were significantly affected, the placement task was disrupted the most. Additional analysis showed that this effect may arise partly due to phoria of the covered eye because the greatest error in the vergence specified distance was found when subjects fixated on the needle. It is important to acknowledge that our manipulation also disrupted stereopsis, and in particular, the relative depth information regarding the bead and the needle that could be useful during the final approach phase during the placement task. Fig. 5 shows the mean temporal hand-eye coordination pattern during binocular and monocular viewing conditions. Temporal Fig. 2 . A representative velocity trajectory for the hand (solid lines) and for the gaze (dotted lines) for one trial during binocular (black trace) and monocular (red trace) viewing. The duration of the placement phase (depicted by 'A') and the grasping phase (depicted by ''B") is also highlighted for the monocular viewing condition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Average hand position in the median plane when moving towards the needle (located at À130 mm) and back to the beads (located at 0 cm) obtained at various kinematic markers: 1) peak acceleration towards needle; 2) peak velocity towards needle; 3) peak deceleration towards needle; 4) high velocity termination towards needle (<100 mm/s); 5) start of movement towards the beads; 6) peak acceleration towards the beads; 7) peak velocity towards the beads; 8) peak deceleration towards the beads; 9) high velocity termination towards the beads (<100 mm/s); 10) end of grasping phase. hand-eye coordination was examined first by calculating the duration that the eyes spent fixating the target, that is, the needle or the bead, during the Placement and the Grasp phase, after the hand arrived at the target. Anchoring the gaze on the target during the reach provides high acuity information about target features, which may be important for planning where to place the fingers during grasping, as well as grip and lift forces. Similarly, fixating on the needle during the reach phase provides the CNS with information about its 3D location, which can be used to update the final reach approach trajectory. If the information obtained during the reach is less reliable, a longer fixation on the target will be required in order to perform the task successfully. For example, misestimating the size, orientation or the 3D location of the target during the reach phase will lead to corrections during the next action phase, which will subsequently delay the following action phase. Our results showed that in comparison to binocular viewing, monocular viewing was associated with a longer fixation on the needle (881 ± 65 ms vs. 485 ± 28 ms; F(1, 14) = 12.15, p = 0.004, ɳ 2 = 0.47) and the bead (528 ± 71 ms vs 435 ± 61 ms; F(1, 14)
= 54.08, p < 0.001, ɳ 2 = 0.79) after the hand arrived at the target.
These results further support that monocular viewing provided less reliable information about target location and its features during the reach, consequently, the eyes fixate on the target for a longer duration during the next action phase, that is, grasping and placement.
The temporal dynamics of the hand and eye movements were examined further to assess the role of binocular vision in the coordination between the action phases (i.e., predictive control). The coordination between action phases, Place-to-Reach and Graspto-Reach, was examined by calculating the time difference between the onset of the gaze shift and the initiation of the reaching movement away from the target (i.e., away from the needle or the bead). As illustrated in Figs. 5 and 6, temporal hand-eye coordination was disrupted in the Place-to-Reach action phase transition. During binocular viewing, the gaze shifted away from the needle towards the bead on average 30 ± 8 ms prior to reach initiation. In contrast, during monocular viewing the difference between the gaze departure time and the hand movement away from the needle was 2 ± 14 ms (F (1, 14) = 5.64, p = 0.032, ɳ 2 = 0.28). There was no significant difference in hand-eye temporal coordination between the binocular and monocular viewing conditions for the Grasp-to-Reach action phase transition (25 ± 9 ms vs 24 ± 8 ms, respectively).
Discussion
This study was conducted to extend our knowledge about the role of binocular vision in the planning and execution of upper limb sequential movements that involve reaching, precision grasping and placement. By using an eye tracker and a motion capture system, our study was able to provide a novel insight into sensorimotor processing during the performance of this complex task, and specifically, the effect of monocular viewing on temporal hand-eye coordination. The main finding from this study is that binocular vision provides a significant advantage for the performance of all action phases; however, the performance of the placement task was disrupted to a greater extent in comparison to the grasping task during monocular viewing. These results suggest that the relative and absolute depth cues during binocular viewing provide important sensory input about the target's features and its location, which improves the planning and execution of sequential reaching, grasping and placing movements.
Binocular viewing provides unique sensory input that is not available in the monocular optic array (Howard & Rogers, 2002) and it is important to consider the role of this input during the performance of the different action phases, and the coordination between these phases. Previous research examined the contribution of binocular vision to the control and coordination between the reach (i.e., transport) and grasp components. Although some studies reported reduced peak velocity of the transport component during monocular viewing (Gnanaseelan et al., 2014; Melmoth & Grant, 2006; Servos & Goodale, 1994; Servos et al., 1992) , this has not been found consistently in other studies (Bradshaw et al., 2004; Jackson et al., 1991; Watt & Bradshaw, 2000) . In contrast, most studies found that binocular vision provides important sensory input for the control of the grasping action, which is evident in a larger grasp aperture and extended low velocity phase during monocular viewing. Thus, previous research clearly shows that the grasping action is significantly affected; however, no studies to date examined how this disruption affects the planning and execution of subsequent movements. It is possible that the temporal coordination between action sequences is altered during monocular viewing when the CNS is engaged in feedback corrections during the grasping and placement action phase.
Recording hand and eye movements during the performance of a sequential task allowed us to assess the temporal coordination between the eye and hand movements, which provides insight into linking between the action phases. Previous studies have shown that eye movements to the target typically precede the hand movement during variety of manual tasks, such as tracing (Gielen, Dijkstra, Roozen, & Welten, 2009; Tramper & Gielen, 2011) , pointing (Sailer et al., 2000) , grasping (Johansson et al., 2001) , and when producing sequential movements (Ballard et al., 1992; Land, Mennie, & Rusted, 1999; Pelz, Hayhoe, & Loeber, 2001; Rand & Stelmach, 2010; Smeets, Hayhoe, & Ballard, 1996; Wilmut et al., 2006) . Moving the eyes to the target facilitates control of the manual action because foveal vision provides high acuity information about target features, which is especially important for the performance of precision grasping and placing movements. Fixating on the objects also provides the CNS with an extraretinal eye position signal, which may be used to localize the target more accurately (Desmurget, Pelisson, Rossetti, & Prablanc, 1998) . Thus, moving the eyes to the target prior to hand movement initiation provides important input for reach planning and improves predictive control. For example, visual input regarding target features, such as its orientation or weight, can be used predictively to guide finger positioning (Brouwer et al., 2009; Cavina-Pratesi & Hesse, 2013; Grant, 2015) and the generation of fingertip forces for grasping (Johansson et al., 2001) . Once the fingers contact the target, the eyes remain fixated on the target until a stable grasp is established, and eye movement away from the target indicates a shift in attention to the next target. Thus, gaze behaviour also provides insight into the termination of current action phase (Flanagan et al., 2006) .
Our results showed that temporal eye-hand coordination was comparable between viewing conditions during the Grasp-toReach action phase linking. These results indicate that once a stable grasp was established, haptic feedback provided the required sensory input for completing this task and foveal feedback was not essential; thus, eyes shifted towards the next goal. In contrast, temporal hand-eye coordination was disrupted during the placement action, where a delay in shifting the eyes resulted in both the eyes and the hand preceding to the next action phase simultaneously. The fact that the eyes remained fixed on the current action goal for a longer duration during the placement phase indicates that there was increased temporal uncertainty associated with the termination of that action phase and foveal vision was necessary to monitor the movement and complete the task. This altered temporal coordination strategy may be analogous to the findings from Safstrom and colleagues who examined the linking of action phases during skill acquisition (Safstrom et al., 2014) . Results from that study showed that learning of a new sensorimotor task involves optimizing the temporal coordination between action phases and this process is associated with changes in gaze shifting from a reactive control to a predictive control. An interesting question that arises is whether extensive practice during monocular viewing would lead to a shift in gaze control behaviour and more optimal linking between the action phases. However, the current study was not designed to examine learning effects because each subject completed only 8 trials per viewing condition.
Although a statistically significant binocular advantage (i.e., better performance during binocular compared to monocular viewing) was found for the performance of all action phases (i.e., reach, grasp and placement), the placement task was disrupted the most when viewing monocularly. Specifically, the mean duration of the placement phase increased by 362 ms ($40%) compared to binocular viewing. The ability to perform the placement action requires absolute depth information, which can be acquired from the muscular effort associated with ocular vergence, binocular disparity, as well as from other monocular depth cues, such as accommodation, relative size, texture or contrast (Howard & Rogers, 2002; O'Shea et al., 1994) . Depth cues are usually integrated optimally according to their reliability (Greenwald & Knill, 2009; Johnston, Cumming, & Landy, 1994; Keefe et al., 2011; Mather & Smith, 2000) and ocular vergence provides more reliable input in the near, peripersonal space (Tresilian et al., 1999) . The importance of vergence to target localization in the depth plane was demonstrated by Mon-Williams and Dijkerman (1999) . They used basein and base-out prisms that altered ocular vergence and the object's perceived depth, which led to consistent scaling of peak acceleration and peak velocity of the reaching movements. These results indicate that when an object is fixated, vergence provides a reliable depth cue for planning reaching movements. Additionally, when the object is not fixated, the binocular disparity signal can also be used to initiate fusional vergence, and the change in motor efference or proprioceptive feedback can be used to estimate depth. Importantly, a recent study using stereoscopic afterimages showed that reliable depth information can be obtained directly from diplopic images (Lugtigheid, Wilcox, Allison, & Howard, 2013) . In contrast, when an object is fixated during monocular viewing, the muscular effort associated with ocular vergence does not provide a veridical depth cue due to phoria of the covered eye. This was demonstrated in study which showed that phoria, a horizontal eye deviation observed during monocular viewing in most visually-normal subjects, affects the vergence angle and disrupts target localization (Ono & Weber, 1981) . The extent of phoria is also dependent on viewing distance, where a greater amount of phoria has been found at nearer fixation distances (Ono & Weber, 1981) . This effect was also evident in our study as a greater vergence error was found when subjects fixated on the needle in comparison to the beads, which were farther away from the body. In short, our results showed the greatest disruption in task performance at the nearer distance; thus, the deficits in performance of the placement task and the disruption in hand-eye coordination may be due to larger vergence error and increased weighing given to vergence at a nearer fixation distance.
Accurate registration of target location is essential for calculating the reach vector and generating the motor command to accomplish the task (Crawford, Medendorp, & Marotta, 2004) . When the initial motor plan is less accurate, feedback can be used online to correct errors in the reach trajectory. The role of visual feedback in online control has been studied extensively (for review see (Gaveau et al., 2014) ). Most studies examined corrections required to detect errors along the azimuth (i.e., in the plane of the target image). These types of errors can be corrected with a latency of approximately 150 ms. Hu and Knill examined the temporal dynamics of online control for target perturbations in depth and showed that corrections for perturbations in depth were 60 ms slower than in the image plane (Hu & Knill, 2011) . Notably, subjects were not able to correct for perturbations in depth when viewing monocularly. Thus, binocular vision provides important input for online control, while viewing with one eye has been asso-ciated with less efficient corrections that contributes to an extended deceleration phase (Bradshaw & Elliott, 2003; Melmoth & Grant, 2006) . Our results are consistent with the previous literature and showed that the deceleration phase was significantly extended during monocular viewing.
Previous observational studies found a significant binocular advantage for the performance of a bead-threading task in visually-normal adults and children (Alramis et al., 2015; Piano & O'Connor, 2013) . Conversely, performance on this task is often disrupted in people with abnormal binocular vision due to amblyopia and/or strabismus (O'Connor et al., 2010a (O'Connor et al., , 2010b Webber, Wood, Gole, & Brown, 2008) . To our knowledge, this is the first study that used a kinematic approach to characterize the temporal hand-eye coordination pattern during the performance of a bead-threading task in visually-normal adults. Therefore, this research provides the normative kinematic data quantifying motor performance of action sequences in adults with normal binocular vision. Our main finding is that hand-eye coordination is disrupted only during the place-to-reach movement phase, but not during the grasp-to-reach phase. These normative data can useful when evaluating visuomotor performance in people with abnormal binocular vision due to amblyopia or strabismus.
